Introduction
============

Imatinib was the first targeted therapy developed to inhibit the BCR-ABL kinase in Philadelphia chromosome (Ph)-positive chronic myeloid leukaemia (CML). The drug has become the first-line treatment for newly diagnosed CML \[[@b1]--[@b5]\]. However, the emergence of resistance to imatinib remains a major problem in the treatment of Ph^+^ leukaemia \[[@b6]--[@b8]\]. The need for alternative or additional treatment options for imatinib-resistant BCR-ABL positive leukaemia has stimulated the design of a second generation of targeted therapies, which has already resulted in the development of the two novel small-molecule inhibitors nilotinib (AMN107), an imatinib mesylate derivative \[[@b9]--[@b13]\] and dasatinib (BMS-354825), a combined ABL/SRC kinase inhibitor \[[@b14]--[@b16]\].

Nilotinib (Novartis Pharma, Basel, Switzerland) shows a higher potency against CML cells *in vitro* than does imatinib \[[@b11], [@b17]--[@b19]\]. Nilotinib displays a higher binding affinity and selectivity for the ABL kinase than does imatinib. In a recent dose-escalating Phase-I study, imatinib-resistant CML patients in the chronic phase, accelerated phase and blast crisis were treated with nilotinib resulting in cytogenetic and haematological responses of imatinib-refractory CML patients \[[@b13]\]. The best responses have been seen at a dose of 400 mg once a day and with 400 mg twice a day. Nilotinib is emerging as an important new therapeutic agent in the treatment of imatinib-resistant CML, also after allogeneic stem cell transplantation.

Although nilotinib does not directly inhibit any of the Src family kinases, including Lck, known to be involved in immune cell signalling, several of the hematotoxic molecules phosphorylated by the ABL kinase are also involved in the activation pathways of immune cells. So, one might speculate on potential hematotoxic side effects particularly after daily and long-time exposure to the drug. Several authors have reported the effects of imatinib on T cells \[[@b22]--[@b26]\], while the effects of nilotinib on normal CD34^+^ haematopoietic stem cells \[[@b27]\], but not yet on CD8^+^ T lymphocytes, have been evaluated. Therefore, we investigated in this study the effect of nilotinib on the proliferation and on the function of CD8^+^ T lymphocytes *in vitro* at therapeutically relevant drug concentrations, as well as to investigate the effect on potential signalling pathways affected by nilotinib in BCR-ABL negative cells.

Materials and methods
=====================

Samples from healthy donors and patients with CML
-------------------------------------------------

All samples, which were human leukocyte antigen A2 (HLA-A2) positive were taken from healthy blood donors and patients with CML in complete molecular remission after their informed consent was obtained. Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll -- Biocoll Separation Solution (Biochrom, Berlin, Germany) density gradient centrifugation. The viability of PBMCs obtained was always \>95%, as determined by trypan blue staining (Trypan Blue Solution 0.4%, Sigma-Aldrich Munich, Germany). For cellular assays, Ficoll separated PBMCs were tested freshly or cryopreserved in RPMI 1640 containing 20% human AB serum (German Red Cross Blood Center, Ulm, Germany) and 10% dimethyl sulfoxide (DMSO; Sigma-Aldrich, Mannheim, Germany), stored in liquid nitrogen.

Nilotinib and imatinib
----------------------

Nilotinib and imatinib powder were generously provided by Novartis Pharmaceuticals (Basel, Switzerland) and stored at--20°C as 10 mM stock solution in DMSO. Fresh dilutions in X-VIVO 10 medium were prepared prior to the experiments.

T2 cells
--------

T2 cell line used in cellular assays was obtained from the 'American Type and Culture Collection, <http://www.atcc.org>'. The T2 cell line was maintained at 37°C in a humidified 5% CO~2~ atmosphere in a standard medium consisting of RPMI 1640 (Biochrom AG, Berlin, Germany) supplemented with 10% AB serum, 2 mM L-glutamine (Biochrom AG, Berlin, Germany), 100 units/ml penicillin and 100 units/ml streptomycin (Invitrogen Gibco, Grand Island, USA).

Synthetic peptides
------------------

Peptides used in our study corresponded to influenza matrix protein (IMP) derived peptide (pos. 58--66: GILGFVFTL), cytomegalovirus (CMV) derived peptide CMV pp65 (pos. 495--503: NLVPMVATV) and RHAMM peptide R3 (pos. 165--173: ILSLELMKL) which are HLA-A\*0201 restricted CD8^+^ T cell epitopes. All peptides were dissolved in DMSO mixed with phosphate buffered saline (PBS) at a concentration of 1 pg/μl for individual experiments. The RHAMM/CD168 derived peptide R3 was chosen because of its high immunogenicity in patients with acute myeloid leukaemia (AML) and CML as well as in healthy donors \[[@b28], [@b29]\].

Mixed lymphocyte peptide cultures (MLPCs)
-----------------------------------------

MLPCs were conducted as described earlier \[[@b26], [@b28]--[@b31]\]. Briefly, PBMCs were selected by human CD8 MicroBeads through a magnetic cell sorting (MACS; Miltenyi, Bergisch-Gladbach, Germany). More than 95% purity was reached in the CD8^+^ fraction confirmed by Fluorescence activated cell sorting (FACS) (Fluorescein isothiocyanate) analysis. CD8 negative antigen-presenting cells (APCs) were irradiated with 30 Gy and pulsed with the IMP, CMV or R3 peptide mentioned above at a concentration of 20 μg/ml for 2 hrs. After coincubation with CD8^+^ T lymphocytes over night, the MLPC in the presence or absence of nilotinib in different concentrations varying from 0.5 μM to 4 μM was supplemented with 10 U/ml IL-2 and 20 ng/ml IL-7 on day +1. Imatinib was added to MLPCs as previously described \[[@b26]\]. After 8 days of culture, CTLs were evaluated for their interferon-γ (IFN-γ) and granzyme B (Gzm-B) secretion by ELISPOT assays employing T2 cells pulsed with IMP or R3. The frequency of IMP. CMV or R3 specific CD8^+^ T cells was determined after 8 days of MLPC by staining with HLA-A2/IMP peptide tetramer\*PE, HLA-A2/CMV peptide tetramer\*PE or HLA-A2/R3 peptide tetramer'PE. CD8\*APC-Cy7~:~ CD45RA\*APC, CCR7\*PE-Cy7 and CD27\*FITC Becton Dickinson (BD) Biosciences, California, USA (all from) were added at 4°C for 20 min. in the dark. After washing twice with PBS, stained cells were fixed with 0.5% paraformaldehyde (Sigma, Munich, Germany) for 10 minutes and subsequently analysed by flow cytometry.

Enzyme linked immunospot (ELISPOT) assays for interferon-y and granzyme-B
-------------------------------------------------------------------------

IFN-7 and Gzm-B ELISPOT assays were performed as previously described to evaluate the inhibitory effects of imatinib on CD8^+^ T lymphocytes according to the manufacturer\'s instruction (BD, San Diego, USA) \[[@b26], [@b28]--[@b31]\]. Spots were automatically evaluated by the use of an ELISPOT reader (CTL, Reutlingen, Germany) and expressed as spot-forming cells (SFCs) per 1 × 10^4^ CD8^+^ T lymphocytes.

Flow cytometry for activation markers and signal transduction cascade
---------------------------------------------------------------------

CD8^+^ T lymphocyte activation following 72 hrs stimulation with PHA (10 μg) and IL-2 (100 U/ml) or anti-CD3 (5 μg/ml) and anti-CD28 (5 μg/ml) antibodies, in the presence or absence of different concentrations of nilotinib, was assessed by quantifying the number of CD8^+^ T lymphocytes expressing the activation markers CD25 and CD69. Briefly CD8^+^ T lymphocytes were incubated with the appropriate directly conjugated antibodies for 30 min. on ice. Cells were washed twice with ice-cold PBS and analysed on FACSAria flow cytometer (Becton Dickinson Biosciences, Heidelberg, Germany) using CellQuest® software. For signal transduction, we used NF-κβ p105/p50 antibody phospho-F-κβ p105 (Ser933) (18E6) rabbit mAb, phospho-NF-κβ p65 (Ser536) (93H1) rabbit mAb (Alexa Fluor® 488 Conjugate), RelB antibody, c-Rel antibody, NF-κβ p100/52 (18D10) rabbit mAb (Human Specific), phospho-lIF-~K~B2 p100 (Ser864/868) antibody, phospho-Zap-70 (Tyr319)/Syk (Tyr352) antibody. All the reagents above were purchased from Cell Signaling Technology®, Beverly, USA. FITC-conjugated donkey anti-rabbit IgG was used as secondary antibody (Jackson ImmunoResearch Laboratories, Hamburg, Germany). Anti-ZAP-70 (1E7.2) FITC, anti-Phospho-Lck (Y505) Alexa Fluor® 488 and anti-Phospho-ERK1/2 (T202/Y204) PE were obtained from BD Biosciences. IntraStain was purchased from DakoCytomation, Glostrup, Denmark. Briefly, the cells were washed twice, first with PBS and then with blocking buffer (PBS 1% foetal calf serum \[FCS\]). After that, IntraStain Reagent A and IntraStain reagent B were added into the cells according to the manufacturer\'s instructions. Appropriate antibodies were added to the cells and incubated at 4°C for 30 min. in the dark. When secondary staining was required, cells were counterstained with secondary antibody for 20 min. at 4°C in the dark, following by washing with blocking buffer. Each sample was run with a matched isotype control to exclude non-specific staining. Cells were analysed with FACSAria flow cytometer (Becton Dickinson) after exclusion of dead cells.

Measurement of cell proliferation
---------------------------------

An indirect 5-bromo-2-deoxyuridine (BrdU)-FITC flow kit (BD PharmingenTM, Heidelberg, Germany) was used to determine the CD8^+^ T cell proliferation. CD8^+^ T cells (5 x10^5^ cells/ml) were stimulated with phytohemagglutinin (PHA) (10 Mg/ml) and IL-2 (60 U/ml) without or with different concentrations of Nilotinib as indicated. After 96 hrs of incubation, cells were harvested and measured according to the manufacturer\'s protocol. Briefly, cells were labelled with 10 μg/ml BrdU for 1 hr. Cells unlabelled with BrdU served as negative control. Then, the cells were fixed, permeabilized by cytofix/cytoperm buffer and incubated with DNase (30 μg per sample) for 1 hr at 37°C. After that, the cells were stained with FITC-conjugated anti-BrdU, and detected by flow cytometry \[[@b32]\]. Additionally, the division of CD8^+^ T cells was measured by dilution of carboxyfluorescein diacetate succinimidyl ester (CFSE, Invitrogen Gibco, Grand Island, USA) as described \[[@b33]\] CD8^+^ T cells were labelled with CFSE at a final concentration of 1 μ[m]{.smallcaps} for 10 min. at 37°C. Then, the cells were washed with ice-cold culture medium for three times and resuspended in culture medium. 4 μ[m]{.smallcaps} nilotinib was added at different time points as indicated (0 hr, 24 hrs and 48 hrs). CD8^+^ T cells untreated with nilotinib served as control. After 96 hrs of stimulation with PHA and IL-2, the proliferation of cells was measured by flow cytometry.

Assessment of apoptosis
-----------------------

For the detection of apoptosis, the annexin V\*FITC apoptosis detection kit I (BD Biosciences, California, USA) was used according to the instructions of the manufacturer. Apoptotic cells were defined by flow cytometry as Pl-negative and annexin V\*FITC-positive.

Measuring total lκβ-α and phospho-lκβ-α (Ser32) by enzyme-linked immunosorbent assay (ELISA)
--------------------------------------------------------------------------------------------

CD8^+^ T lymphocytes were resuspended in standard RPM11640 medium at 5 × 10^5^ cells/ml, plated in 24-well plates and rested over night. The CD8^+^ T lymphocytes were stimulated with PHA (to the final concentration of 10 μg/ml) and IL-2 and incubated at 37°C in the absence or presence of nilotinib in a serial concentration of 0.5--4 μ[m]{.smallcaps} for 1 hr. The levels of total lκβ-α and phospho-kB-α (Ser32) were assessed according to the instruction manuals of PathScan Total lκβ-α Scanwich ELISA Kit, PathScan® Phospho- lκβ-α (Ser32) Sandwich ELISA Kit (Cell Signaling Technology®, Beverly, USA).

^51^Cr release cytotoxicity assay
---------------------------------

After 8 days of MLPC in the absence or presence of the indicated concentrations of nilotinib, CD8^+^ T lymphocytes were harvested and evaluated for their specific cytotoxicity in a standard ^51^Cr release assay against T2 cells pulsed with cognate peptide or irrelevant peptide, or without peptide \[[@b26], [@b28], [@b29]\].

Statistical analysis
--------------------

The results were expressed as the mean ± standard deviation (SD). The significance of the difference between means was determined by the two-tailed t test or analysis of one-way variance [(anova)]{.smallcaps} using the Bonferroni multiple comparison correction, and the differences were considered statistically significant at *P*\<0.05.

Results
=======

Nilotinib inhibits the proliferation of CD8^+^ T lymphocytes
------------------------------------------------------------

Nilotinib inhibited the CD8^+^ T lymphocyte proliferation as a function of the concentration (Fig. [1](#fig01){ref-type="fig"}, panels A and C). Significant effects on the cells stimulated with PHA/IL-2 were observed from a concentration ≥1 μM nilotinib. The drug (4 μM) was also added at different time points of CD8^+^ T cell culture. It could inhibit the proliferation of stimulated CD8^+^ T lymphocytes even when added 48 hrs after the start of the culture (Fig. [1](#fig01){ref-type="fig"}, panels B, Dand E). Cells divided as demonstrated by CFSE dilution, but then subsequently failed to incorporate BrdU. Nilotinib did not significantly increase apoptosis at concentrations up to 4 μM when compared with untreated cells (data not shown). The fraction of apoptotic cells remained between 1.3 × 10^4^± 4 × 10^3^ to 1.5 × 10^4^± 8 × 10^3^ after the incubation of CD8^+^T lymphocytes with nilotinib at concentrations of 0.5--4 μM, while the fraction of apoptotic cells was 1.2 × 10^4^± 2 × 10^3^ after incubation of CD8^+^ T lymphocytes without nilotinib (*P\>* 0.05). Taken into account that nilotinib inhibits proliferation without inducing apoptosis, the cells would resume proliferating following removal of the drug. To test this hypothesis, we incubated PHA/IL-2 stimulated CD8^+^ T lymphocytes with nilotinib at different concentrations for 72 hrs. Then we washed the cells and after 24 hrs resting of the cells, we restimulated the cells from each sample with PHA/IL-2 and incubated all for additional 72 hrs, before measuring BrdU incorporation. CD8^+^T lymphocyte proliferation could be completely restored, thus demonstrating that the inhibitory effect was transient (data not shown).

![Nilotinib inhibits phytohemagglutinin (PHA) and IL-2-induced proliferation of CD8^+^ T lymphocytes in a dose-dependent manner and can terminate ongoing proliferation. Panel A~+~C: CD8^+^ T lymphocytes from healthy volunteers were purified, and kept in culture for 96 hrs in the presence of PHA/IL-2 without nilotinib or with nilotinib at different concentrations (0.5 μM, 1 μM, 2 μM and 4 μM). BrdU incorporation was analysed by FACS as described in 'Materials and methods'. Panel A shows the combined results from three independent experiments of three different samples with similar results. The data were expressed as percentage of BrdU positive cells above negative control at each nilotinib concentration. Panel C shows the results of one representative experiment. Panel B~+~D~+~E: Nilotinib (4 μM) was also added 0--48 hrs after start of the culture in the presence of PHA/IL-2 for 96 hrs. BrdU positive cells measured by FACS analysis in the presence of nilotinib at all time-points were different from that in nilotinib-free group. Panel B displays the combined results from three independent experiments of three different samples with similar results. Panel D shows the results of one representative experiment. Panel E shows the CFSE uptake as an indicator of cell division at different time points in the absence and presence of 4 μM nilotinib (one representative of three different experiments). Error bars indicate SD. \**P*\<0.05 when compared with no nilotinib group, \*\**P*\<0.01 when compared with no nilotinib group as the control.](jcmm0012-2107-f1){#fig01}

Proliferation of IMP, CMV or RHAMM specific CD8^+^T lymphocytes is suppressed by nilotinib
------------------------------------------------------------------------------------------

We stimulated purified CD8^+^T lymphocytes with autologous CD8 negative APCs pulsed with IMP peptide in the absence or presence of different concentrations of nilotinib as described above. IMP-specific CD8^+^ T lymphocytes proliferated in response to IMP peptide. We found nilotinib to reduce the expansion of IMP-specific CD8^+^ T lymphocytes in a dose-dependent manner over 8 days of MLPC; representative data are shown in Figure [2](#fig02){ref-type="fig"}, panel A. To further characterize IMP-specific CD8^+^ T lymphocytes from the gate of the HLA-A2/IMP-tetramer\*PE positive CD8^+^ T lymphocytes were analysed for their expression of CCR7, CD27 and CD45RA Most of the cells (65--93%) revealed to be CD8^+^ HLA-A2/IMP tetramer CCR7-CD45RA^+^ effector T cells (data not shown). To confirm that this observation was generally applicable and not limited to the CD8^+^ T lymphocyte response to IMP, we repeated the experiment with the CMV pp65-derived peptide (Fig. [2](#fig02){ref-type="fig"}, panel B) and the RHAMM-derived R3 peptide (Fig. [2](#fig02){ref-type="fig"}, panel C). We found comparable inhibition of specific CD8^+^T lymphocyte expansion in response to these three antigens.

![Nilotinib inhibits IMP-, CMV- and RHAMM-specific CD8^+^ T lymphocytes as a function of the concentration of and the incubation time with the drug. CD8^+^ T lymphocytes from patients with chronic myeloid leukaemia (CML) were subjected to one round of stimulation with irradiated autolo-gous CD8v^−^ APCs pulsed with influenza matrix protein (IMP), cytomegalovirus (CMV) or RHAMM derived R3 peptide in the absence or presence of 0.5 μM, 1 μM, 2 μM and 4 μM nilotinib as described in 'Material and methods'. The dot plots show the percentage of HLA-A2/IMP- or HLA-A2/CMV-or HLA-A2/R3- tetramer\*PE positive CD8^+^ T lymphocytes. Effects of nilotinib on the expansion of IMP-specific CD8^+^ T lymphocytes over 8 days of mixed lymphocyte peptide cultures (MLPC) are displayed in Panel A, effects on the expansion of CMV-specific CD8^+^ T lymphocytes in Panel B, and effects on the expansion of RHAMM derived R3-specific CD8^+^T lymphocytes in Panel C. The proliferation of IMP-, CMV- or R3-specific CD8^+^ T lymphocytes was inhibited in a dose-dependent manner. The figure displays representative results from one of four consecutive experiments with similar results. The T cell reaction was inhibited in a dose-dependent fashion as analysed by ELISPOT assays for spot-forming cells (SFCs) of interferon-~γ~ (IFN-~γ~) (Panel D) and granzyme B (Gzm-B) (Panel E) after 8 days of MLPC in the absence or presence of different concentrations of nilotinib. As evaluated by ^51^Cr release assay (Panel F), the lysis of IMP-pulsed T2 cells by cognate peptide specific CD8^+^ cytotoxic T lymphocytes generated during one round of MLPC was affected by nilotinib in a dose-dependent manner at different E/T ratios. The figures show results from one representative experiment. All assays were performed in triplicate. Error bars indicate the SD. Significant differences from the non-nilotinib-treated group are indicated, \**P*\<0.05, \*\**P*\<0.01.](jcmm0012-2107-f2){#fig02}

Nilotinib inhibits the IFN-~γ~ and Gzm-B production of IMP antigen specific CD8^+^ T cells
------------------------------------------------------------------------------------------

To further evaluate the inhibition of functional activation of CD8^+^ T lymphocytes by nilotinib, ELISPOT assays were performed to assess the production of IFN-γ and Gzm-B secreted by human IMP specific CD8^+^ T lymphocytes upon stimulation with autologous CD8 negative APCs which were pulsed with IMP peptide. As shown in representative experiments (Fig. [2](#fig02){ref-type="fig"}, panel D and E), nilotinib reduced the frequency of IFN-γ (Fig. [2](#fig02){ref-type="fig"}, panel D) and Gzm-B (Fig. [2](#fig02){ref-type="fig"}, panel E) SFCs gradually with increasing concentration of nilotinib. When the concentration of nilotinib was as high as 4 μM, the IFN-γ and Gzm-B SFCs were reduced to background level. The secretion of Gzm-B could be inhibited even more drastically. To further confirm the inhibition of function of antigen-specific CD8^+^ T cells by nilotinib, standard ^51^Cr release assays were performed. After 8 days of MLPC as indicated in 'Material and methods', IMP-specific CD8^+^T lymphocytes were able to lyse T2 cells pulsed with IMP. Specific lysis could be inhibited by nilotinib in a dose-dependent manner (Fig. [2](#fig02){ref-type="fig"}, panel F). T2 cells pulsed with the unrelated MAGE3 peptide and unpulsed T2 cells were not recognized and lysed by IMP-specific CD8^+^T lymphocytes (data not shown).

Nilotinib down-regulates CD8^+^T lymphocyte activation markers
--------------------------------------------------------------

As for the expression of CD8^+^ T lymphocyte activation markers on CD8^+^ T lymphocytes isolated from three different healthy volunteers following 72 hrs PHA/IL-2 or anti-CD3/anti-CD28 antibody stimulation, a reduction in both the percentage and mean fluorescence intensity of CD25 and CD69 was observed (Fig. [3](#fig03){ref-type="fig"}). The effect was most pronounced at the highest nilotinib concentration at 4 μM. Significant or highly significant reduction in CD25 (Fig. [3](#fig03){ref-type="fig"}, panel A) and CD69 (Fig. [3](#fig03){ref-type="fig"}, panel B) expression was observed at 4 μM nilotinib. Naive CD8^+^ T lymphocytes without exposure to nilotinib express only 6.9±4.0% CD25 and 2.6 ± 2.6% CD69 respectively.

![Nilotinib inhibits the expansion of the activation markers CD69 and CD25 in a dose-dependent manner. CD8^+^ T lymphocytes from patients with CML were stimulated with anti-CD3/CD28 antibodies for 72 hrs. Cell surface expression of activation markers was assessed by immunofluorescence staining. Cells were incubated with CD25\*PE and CD69\*PerCP and isotype-matched mAbs. Cell surface expression was analysed using a BD FACS can flow cytometer. The percentages of CD8^+^ T lymphocytes expressing the relevant marker from three independent experiments are shown. The percentage of cells expressing CD25 (Panel A) and percentage of cells expressing CD69 (Panel B) are shown for several concentrations (0--4 μM) of nilotinib. Error bars indicate the SD.](jcmm0012-2107-f3){#fig03}

Nilotinib reduces levels of phosphorylated Lck, ERK1/2, ZAP-70 and blocks the NF-κβ pathway
-------------------------------------------------------------------------------------------

In an attempt to identify a nilotinib-sensitive intracellular signalling pathway, we measured the level of phosphorylation of the Lck molecule which is the first tyrosine kinase activated by T cell receptor (TCR) signalling, as well as ERK 1/2 involved in further TCR-mediated signalling \[[@b34]\]. We exposed PHA-stimulated CD8^+^ T lymphocytes to 4 μM nilotinib and determined the relative levels of phosphorylated Lck and ERK 1/2 by FACS analysis. Nilotinib reduced the phosphorylation of both ERK 1/2 (Fig. [4](#fig04){ref-type="fig"}, panel A) and Lck (Fig. [4](#fig04){ref-type="fig"}, panel B). Moreover, we observed a down-regulation of phospho-NF-~κ~β p105 (Ser933) (18E6) (Fig. [4](#fig04){ref-type="fig"}, panel C), phospho-[NF-kB2]{.smallcaps} p100 (Ser864/868) (Fig. 6, panel D), phospho-ZAP-70 (Fig. [4](#fig04){ref-type="fig"}, panel E) by nilotinib. Even so, ELISA demonstrated a reduction in phosphorylation of lκβ-α after incubation with nilotinib (Fig. [4](#fig04){ref-type="fig"}, panel G). In contrast, we did not detect down-regulation of other molecules involved in the further T cell signalling cascade ZAP-70 (Fig. [4](#fig04){ref-type="fig"}, panel F), and total Iκβ-α (Fig. [4](#fig04){ref-type="fig"}, panel G), Rel-B, c-Rel, NF-~κ~β p105/p50, NF-~k~B2 p100/52, phospho-NF-κβ p65, (data not shown). For the posphorylated forms of NF-~k~B p105, ERK1/2, ZAP70and Lck the results were confirmed by western blotting (Fig. [4](#fig04){ref-type="fig"}, panel H).

![Nilotinib inhibits the phosphorylation of molecules participating in T cell receptor down-stream signalling. To identify nilo-tinib-sensitive intracellular signalling pathways, we measured the levels of ZAP70 expression and phosphorylation of ERK 1/2, Lck, ZAP-70, NF-~κ~β p105 (Ser933) (18E6), NF-~k~B2 p100 (Ser864/868) by FACS analysis and phospho-lκβ-α (Ser32) and total lκβ-α by ELISA. We exposed PHA-stimulated CD8^+^ T lymphocytes to 4 μM nilotinib for 1 hr and found that the drug did not affect the level of ZAP70 (Panel F) and total lκβ-α (Panel G), but inhibited the phosphorylation of ERK 1/2 (Panel A), Lck (Tyr505) (Panel B), NF-~k~B p105 (Ser933) (18^E^6) (Panel C), [NF-kB2]{.smallcaps} p100 (Ser864/868) (Panel D), ZAP70 (Panel E) and lκβ-α (Ser32) (Panel G). As for the FACS analysis, solid histograms represent the background staining with the isotype control, dotted lines the 4 μM nilotinib group, and solid lines the group without nilotinib. For NF-κβ p105, ZAP70, ERK1/2 and Lck western blotting was performed to confirm the results (Panel H).](jcmm0012-2107-f4){#fig04}

Comparison of the inhibitory effects on CD8^+^ T lymphocytes through nilotinib *versus* imatinib
------------------------------------------------------------------------------------------------

To compare the inhibitory effects on CD8^+^T lymphocytes between nilotinib and imatinib, we used the Stata 7.0 statistical package (Stata Corp, College Station, TX, USA) to get the exponential curve for the definition of the median effective concentration (EC50) (Fig. [5](#fig05){ref-type="fig"}). The expansion of IMP-specific CD8^+^ lymphocytes was measured by tetramer FACS analysis and by ELISPOT assays for IFN-~γ~ and Gzm-B after MLPC. Comparing the proliferation of IMP-specific CD8^+^ T lymphocytes with respect to EC50s for nilotinib and imatinib, nilotinib revealed an EC50^nilotinib^ of 0.75 μM (R^2^= 0.99) (Fig. [5](#fig05){ref-type="fig"}, panel A), and imatinib an EC~50~^imatinib^ of 1.40 μM *(R^2^=* 0.98) (Fig. [5](#fig05){ref-type="fig"}, panel B). Nilotinib and imatinib inhibited the expansion of SFCs of IFN-7 with an EC50 of 0.84 μM *(tf =* 0.99) (Fig. [5](#fig05){ref-type="fig"}, panel C) and 2.05 μM (R^2^= 0.98) (Fig. [5](#fig05){ref-type="fig"}, panel D), and of Gzm-B with an EC~50~ of 0.85 μM (R^2^= 0.99) (Fig. [5](#fig05){ref-type="fig"}, panel E), and 1.51 μM (^R2^= 0.99) (Fig. [5](#fig05){ref-type="fig"}, panel F) respectively. All the EC~50~ values for nilotinib were lower than those observed for imatinib, suggesting that nilotinib is a more potent inhibitor of CD8^+^ T lymphocytes than imatinib at the same drug concentration.

![Comparison of inhibitory effects on CD8^+^ T lymphocytes between nilotinib and imatinib as evaluated by EC~50~. The expansion of IMP-specific CD8^+^ T lymphocytes from CML patients (Panels A and B) was measured by tetramer FACS analysis, and the expansion of SFCs of IFN-~γ~ (Panels C and D) or Gzm-B (Panels E and F) was assessed by ELISPOT assays. The values decreased by augmenting the dose of nilotinib (Panels A, C and E) or imatinib (Panels B, D and F). The inhibitory effect was evaluated by comparison of the EC~50~ after MLPCs as described in 'Materials and methods'. The expansion of IMP-specific CD8^+^ T lymphocytes and SFCs of IFN-~γ~ or Gzm-B are shown on the Y-axis with '% of no nilotinib group' or'% of no imatinib group'; concentrations of nilotinib or imatinib are indicated on the X-axis. Values represent the combined results of at least four independent experiments.](jcmm0012-2107-f5){#fig05}

Discussion
==========

Imatinib inhibits the tyrosine kinase activity of the BCR-ABL protein and is an effective frontline therapy for chronic-phase CML. However, CML patients and Ph^+^ ALL patients in an accelerated phase or in a blast-crisis often relapse due to drug resistance resulting from the emergence of imatinib-resistant point mutations within the BCR-ABL tyrosine kinase domain \[[@b8], [@b9], [@b14]\]. This has stimulated the development of new kinase inhibitors overriding the resistance to imatinib. The novel, selective BCR-ABL inhibitor nilotinib has produced haematological and cytogenetic responses in CML patients, who either did not initially respond to imatinib or developed imatinib resistance \[[@b11], [@b13]\]. As nilotinib might be used in the framework of allo-transplantation and other T cell-based immunotherapies, we wondered whether inhibition of ABL kinase by nilotinib might have a detrimental effect on the immune response. In several studies, T lymphocytes from CML patients have been found to be Ph chromosome negative and/or BCR-ABL negative \[[@b35]--[@b37]\]. On the other hand, several of intracellular signalling molecules triggered by the ABL kinase are also involved in the activation pathways of immune cells. Effects of imatinib on T cells have been extensively reported \[[@b22]--[@b26]\]. Here, we report that nilotinib inhibits CD8^+^ T lymphocyte proliferation and functional activation in response to non-specific PHA stimulation and TCR engagement by anti-CD3/anti-CD28. These effects were dose-dependent with some inhibition of proliferation and function at 1 μM, which corresponds to the mean steady-state plasma level achieved by daily administration of 400 mg nilotinib; and no dose-limiting toxic effects were seen at dosages of up to 600 mg daily \[[@b13]\]. The mean plasma level at steady-state were 1.0 μM with 400 mg nilotinib administration daily and 2.3 μM with 600 mg daily, while administration of nilotinib at 400 mg twice daily provided maximal and minimal plasma drug concentrations of 3.6 and 1.7 μM respectively. All levels exceeded the 50 percent inhibitory concentration (IC~50~) of cellular phosphorylation of BCR-ABL (20--57 nM, depending on cell type) and of 32 out of 33 BCR-ABL kinase mutants (19--709 nM) \[[@b13], [@b36], [@b38]\].

As demonstrated in the present study, the CD8^+^ T lymphocyte inhibitory effect in the presence of nilotinib was not mediated through the induction of apoptosis in CD8^+^ T lymphocytes. Under these conditions, nilotinib was cytostatic, but not cytotoxic. After the removal of nilotinib, the proliferation of CD8^+^ T lymphocytes could be resumed. In this study we found that the up-regulation of the activation markers CD25 and CD69 on CD8^+^ T lymphocytes was significantly inhibited by nilotinib after stimulation \[[@b39], [@b40]\]. The dose-dependent inhibition of cognate peptide-specific CD8^+^ T lymphocytes suggests that nilotinib could interfere with the clinically important T lymphocyte effector function, as is supported by the release of IFN-~γ~ and Gzm-B, as well as by ^51^Cr cytotoxicity assays.

While dissecting the TCR signalling pathway inhibited by nilotinib, we observed a dose-dependent reduction in phosphorylation of ZAP-70, Lck and ERK1/2 showing a direct inhibition of the TCR signalling pathway. Phospho-NF-κβ p105 (Ser933) (18E6), phos-pho-NF-~K~B2 p100 (Ser864/868) and phospho-kB (Ser 32) were down-regulated in a dose-dependent fashion. In comparison with imatinib \[[@b22], [@b24]\], nilotinib showed a similar pattern of inhibition of the TCR signal transduction.

When comparing the IC~50~ for nilotinib and imatinib, the inhibition of the proliferation of IMP-specific CD8^+^ T lymphocytes as assessed by SFCs for IFN-~γ~ and of SFCs for Gzm-B was twice as strong by nilotinib. The mean plasma level achieved at steady-state was about 1 μM after daily dosing with 400 mg nilotinib and imatinib respectively. Given, that nilotinib is *in vitro it* least 20-fold more potent than imatinib against unmutated Abl \[[@b11]\] and that nilotinib is active against many imatinib-resistant BCR-ABL mutants \[[@b10], [@b11], [@b15]\], nilotinib would be relatively less detrimental to CD8^+^ T lymphocytes than imatinib.

Effects of nilotinib on the immune reconstitution and CD8^+^ T lymphocyte function may be especially relevant for the administration in the treatment of patients where the regulation of immune functions is critical and has a direct impact on morbidity and mortality, for example in the setting of allogeneic transplantation. We have shown here that nilotinib directly inhibits the proliferation and TCR signalling after non-specific stimulation, and this effect might even potentiate the effects of immunosuppressive drugs. Although an increase in opportunistic infections has not been reported in patients treated with nilotinib, close monitoring for CMV re-activation or other infections in patients under nilotinib treatment, especially in stem cell transplant recipients, might be of value.

Nilotinib might potentially interfere with the expansion of effector T cells responsible for the graft-versus-leukaemia (GVL), thus hampering or at least reducing the therapeutic efficacy of the transplantation and/or donor lymphocyte infusions (DLIs), but might also down-regulate the graft-versus-host disease (GVHD).

Further research will increase the understanding of how nilotinib might affect normal haematopoietic stem cells as well as CML progenitor cells in concert with dendritic cells and T cells. It remains to be elucidated how the immunological control of CML in nilotinib-treated patients can be achieved and how nilotinib should be integrated in the treatment of residual disease in the post-transplant setting. As a result of the reported nilotinib-induced impairment of CD8^+^ T lymphocyte proliferation and function, nilotinib-free therapeutic windows after stem cell transplantation and other CD8^+^ T lymphocyte based immunotherapies might be required for the expansion of leukaemia-specific CD8^+^ T lymphocytes.
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